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• Brief research overview
• Background of material extrusion AM of ceramics
• Current research using preceramic resins
• Process parameter study using epoxy resin
• New opportunities with direct ink write AM
• Concluding remarks
Additive manufacturing
• Additive manufacturing enables the fabrication of 
components with unprecedented geometric complexity.
• Additive manufacturing also enables the creation of new 
materials with unprecedented material architecture.
Compton and Lewis, Unpublished (2013) Pack and Compton, Unpublished (2018)
• Additive manufacturing can enable the integrated design of material 
architecture and component geometry in ways never previously imagined.
Optimal utilization of AM requires a deeper understanding of the
structure – process – property relationships for each material and technology.
https://web.ornl.gov/sci/manufacturing/research/additive/
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www.arcam.com
Powder bed methods 
(EBM, SLM, SLS)
formlabs.com
Stereolithography
(SLA) Fused-filament fabrication (FFF)
www.custompartnet.com
Layered object
manufacturing (LOM)
Direct-ink writing (DIW)
www.custompartnet.com
Binder jet powder bed
• Thermoplastic or viscoelastic feedstock extruded through 
fine deposition nozzle mounted on multi-axis motion stage
• Requires tool path raster pattern to complete layers
• Well-suited for multi-material deposition
• Extrusion aligns short fibers and tool path defines fiber 
orientation
• Opportunities for continuous fiber
• Amenable to a wide range of materials. 
• Post-processing required for ceramics
Example tool paths
Agarwala et al. (1996)
Material extrusion AM technologies
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Lewis, 2002
Research overview: New materials for AM
Thermoset composites
• High strength
• High stiffness
• Low density
• Multi-functional
• Syntactic foams
3D-printed epoxy/graphene wafer tray with 
electrostatic discharge (ESD) properties
Polymer-derived ceramic composites
• High temperature resistance
• Unique hybrid architectures
• Near-net shape
Particle-based ceramic and metal inks
• High temperature resistance
• Unique composite architecture
hBN-loaded polysilazane resin
3D-printed, densified 316L stainless steel and hydroxyapatite ceramic
3D-printed epoxy composites
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Kemp et al., JACerS (2020)
As-printed Pyrolyzed
Compton et al., JOM (2018)
Research overview: New methods for AM
Control of fiber orientation
• Spatially-tailored properties
• Damage tolerance
• Coupled optimization of topology and 
microstructure
Axial and transversely oriented carbon fibers
Graded lattice structures
• Spatially-tailored properties
• Decoupled static and dynamic properties
• Programmable failure progression
Multi-component nozzles
• Reactive polymer systems
• Compositional gradients
• Unique material architecture for structural 
and multifunctional properties
• Heat exchangers (???)
Elastomeric honeycombs with controlled collapse modes
Mixing nozzle for fast-reacting polymer resins Core-shell architecture from co-extrusion nozzle 7
Raney and Compton et al., PNAS (2018)
Compton et al., US Patent App. 15/439,423 (2019)
Some background: Fused deposition of ceramics (1996)
Agarwala et al., Rapid Prototyping Journal (1996), Rutgers and U. of Dayton
• ~55 vol.% Si3N4 powder in 4-component thermoplastic 
binder (elastomer, tackifier, wax, polymer)
• Unspecified binder burnout and densification step
• >98% density and >800 MPa flexural strength achieved
Silicon nitride parts printed by FDC
Top view
Cross-section
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Robotic gelcasting (robocasting) of ceramic slurries
Smay, Cesarano, and Lewis, Langmuir (2002).
Lead zirconate titanate (PZT) micro-lattices
https://robocasting.com/
Cesarano and Calvert, et al., 1990s
• Diesel particulate filters
• Molten metal filters
• Catalyst support
• Labware
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My first efforts using preceramic polymer (2014)
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• One-part carbosiloxane resin from Extreme Environment Materials Solutions.
• SiC powder filler 
• Specimens pyrolyzed in argon atmosphere at 1000°C for 1 hour.
Printed, cured
Before pyrolysis After
Moderately loaded (~32 vol.% solids) preceramic ink 
exhibited 7.4% linear shrinkage after pyrolysis.
4.83 mm 4.78 mm
4.43 mm 4.44 mm
Compton et al., 2014 (unpublished)
AM of fiber reinforced preceramic polymer (2017)
Lattice structures tested 
in compression: ~4 MPa 
compressive strength 
Ink constituents
• Silres MK (SiOC) in solvent
• SiC particulate
• Fumed silica
• Chopped carbon fibers
Without 
SiC filler 
With
SiC filler 
This work nicely demonstrates the need to utilize filler materials to 
manage shrinkage during the pyrolysis process. 
After pyrolysis
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AM of continuous fiber composites - polymers
Markforged commercialized continuous fiber reinforced AM of thermoplastics in 
2013. Various iterations of continuous fiber hardware continue to be developed 
commercially and at government and academic institutions.
https://markforged.com/blog/3d-printing-tools-fixtures-hacksaw/
https://markforged.com/mark-two/
carbon fiber-reinforced 
thermoplastic 
Vaneker, Procedia CIRP (2017)
Univ. of Twente
glass fiber-reinforced 
polypropylene
Gardner et al., Additive Manufacturing (2016)
NASA Langley
CNT yarn-reinforced Ultem
Bayless, Chen, and Bai (2010)
Engr. Physics
Univ. of British Columbia
Embedded wire 3D printer
12
AM of continuous fiber composites – ceramics (2018) 
Silres MK (SiOC) blended with thermoplastic polymer matrix, reinforced with continuous carbon fiber tows. 
Significant matrix cracking is observed upon pyrolysis. 
1Northwestern Polytechnical University, Xi’an, China
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Much of the preceramic polymer AM work in the literature utilizes polysiloxane
(e.g. Silres MK), which yields SiOC upon pyrolysis. 
Other resin chemistries have higher ceramic yields and more desirable products.
Present work: Direct-write of polysilazane-based materials
15
Colombo, (2010)
Resin options
• Polysilazanes have some of the highest ceramic yields
• Pyroysis products are SiCN and Si3N4
• Can be cured in air with addition of dicumyl peroxide 
Filler material
Hexagonal boron nitride (hBN) platelets
https://www.ssnano.com
• Excellent thermal conductivity
• Excellent dielectric properties
• Good thermal and chemical stability
• High neutron cross-section
• Platelet morphology
• Expected to impart desirable 
rheology for DW printing
Characterization of polysilazane/hBN mixtures
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• Unfilled resin retains 85% mass after pyrolysis up to 900°C in nitrogen.
• hBN is stable and does not significantly affect degradation events.
• Polysilazane resin does not crystallize during the pyrolysis process → amorphous SiCN matrix
as-received hBN powder
Durazane 1800®
Parallel plate rheometry of polysilazane/hBN mixtures
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• hBN imparts reasonable shear thinning to the resin, but it also raises the flow index considerably.
• At high loading, hBN also imparts pseudoplastic (paste-like) behavior
• Appears promising for DW printing
Loss modulus
Storage modulus
Kemp et al., JACerS (2020)
Pyrolyzed
Printed things!
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1.8 
cm
Pyrolyzed
As-printed
• 40 vol.% hBN in as-printed state
• Printed objects pyrolyzed in nitrogen at 1000°C with 1 hour dwell. 
Kemp et al., JACerS (2020)
Printed flexure bars
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4.04 cm
3.79 cm
28.9 ± 1.3 GPa flexural modulus
56.4 ± 7.6 MPa flexural strength
Engineering strain (%)
• 6.4% linear shrinkage along the print direction
• 7.5% linear shrinkage transverse to the print direction
• 1.55 g/cc density before pyrolysis
• 1.95 g/cc density after pyrolysis
Fracture surfaces of printed flexure bars
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1
2 3
4 5
500 µm 
• Faint evidence of printing-induced structure is visible in the fracture surfaces.
• Minimal large-scale porosity is visible.
Fracture surfaces of printed flexure bars
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1
2 3
4 5
500 µm 
Microscopy reveals significant pullout of 
individual platelets (or small stacks) from the 
ceramic matrix, but distinct orientation is not 
readily apparent.
Characterization and analysis is ongoing...
Vickers microhardness
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Vickers hardness = 112 HV2 (1.1 GPa)
The composite is quite soft due to the high hBN content, but 
significant crack deflection and bridging is apparent. 
Load applied parallel to print direction
Kemp et al., JACerS (2020)
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• Recall that extrusion processes align fibers. 
• In printing a part, one must select a nozzle size and a print speed. 
• How do these necessary choices affect anisotropy in printed components? 
• We will investigate using epoxy resin as a model system.
There is a lot more to do here, but let’s step back and look at some 
basic processing questions.
The effects of nozzle size and deposition rate
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Use model materials to study the effects of specific print parameters.
• Resin: EPON 826 epoxy resin
• Three filler materials
• Fumed silica 
• Nanoclay (anisotropic platelet morphology)
• SiC whiskers (anisotropic rod-like morphology)
• Three nozzle sizes
• 200, 600, 1100 micron diameter
• Three print speeds
• 10, 20, 40 mm/s
• 3-pt flexure testing
Nozzle size and shear rate study
The effects of nozzle size and deposition rate
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Hypothesis...
Hmeidat et al., Additive Manufacturing (In review)
The effects of nozzle size and deposition rate
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Fumed silica (FS) Nanoclay (NC) SiC whiskers (SiC)
Flexural bars
Hmeidat et al., Additive Manufacturing (In review)
The effects of nozzle size and deposition rate
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Smaller nozzle diameter leads to greater anisotropy when high aspect ratio fillers are present. 
Print speed = 20 mm/s
Hmeidat et al., Additive Manufacturing (In review)
The effects of nozzle size and deposition rate
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Higher print speed leads to greater anisotropy when high aspect ratio fillers are present. 
Nozzle diameter = 0.61 mm
Hmeidat et al., Additive Manufacturing (In review)
Master curves combine nozzle size and print speed
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• The anisotropy factor (ψ) is defined as the ratio of the longitudinal to transverse property value.
• The normalized translation rate, v/D,  provides a proxy for the shear rate experienced by the ink during deposition. 
• These plots allow direct comparison of a wider range of printing tests to provide insight into the phenomena that 
govern anisotropy in printed composite materials.
Flexural strength
Hmeidat et al., Additive Manufacturing (In review)
New opportunities for unique ceramic composites
Control of fiber orientation
• Spatially-tailored properties
• Damage tolerance
• Coupled optimization of topology and 
microstructure
Axial and transversely oriented carbon fibers
Graded lattice structures
• Spatially-tailored properties
• Decoupled static and dynamic properties
• Programmable failure progression
Multi-component nozzles
• Reactive polymer systems
• Compositional gradients
• Unique material architecture for structural 
and multifunctional properties
Elastomeric honeycombs with controlled collapse modes
Mixing nozzle for fast-reacting polymer resins Core-shell architecture from co-extrusion nozzle 30
Raney and Compton et al., PNAS (2018)
Concluding remarks
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• AM technologies have been around longer than many of us realize. Many ‘new‘ ideas in 
AM have been explored in some form or fashion already.
• AM enables the creation of unique materials and structures, but no single technology 
does everything. AM simply provides more tools in the processing toolbox.
• Highly-filled, high-yield preceramic polymers offer significant promise for AM of ceramic 
composites. Polysilazane and polycarbosilane have been successfuly demonstrated.
• Platelet, particulate, and fiber fillers play multiple beneficial roles in DIW inks by 
imparting desirable rheological properties for printing, significantly reducing shrinkage 
during pyrolysis, and providing reinforcement after pyrolysis.
• Extrusion aligns high aspect ratio fillers. The effects of ink composition, rheology, and 
print parameters must be understood in order to apply engineering principles to the 
design of AM parts.
• DIW AM offers unique opportunities to create novel architectures and multi-functionality.
200 µm
New honeycombs ( now with carbon fiber!)
Contact:
bcompto1@utk.edu
http://mabe.utk.edu/peopletwo/brett-g-compton/
Thank you for your attention!
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